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ABSTRACT: The effect of applied pressure on the deformation of a prescribed wrinkle, with and
without a hole, in four different gecomembranes (1 and 2 mm thick high density polyethylene and 1 and
2 mm thick linear low density polyethylene), placed on a compacted silty-sand underliner and
backfilled with saturated fine tailings at 65% solids content, is investigated. For the 1 mm thick
geomembranes without holes, the gap beneath the wrinkle was eliminated (but the geomembrane was
excessively strained) at an applied total stress of 250 kPa, whereas for the 2 mm thick geomembranes
the gap remained even under a total stress of 1000 kPa. The short-term performance was the same for
both LLDPE and HDPE. For wrinkles with a hole, any gap that remained beneath the wrinkle was
completely filled by tailings. The tailings migrated into the gap beneath the wrinkle partly as free-
flowing slurry and partly under the applied hydraulic gradient. There was a difference in the shape of the
final wrinkle depending on whether the hole in the wrinkle was present before or after backfilling with
tailings. However, the same leakage was measured through a 10 mm diameter hole in both cases. With
an increase in applied vertical stress, the leakage decreased.
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1. INTRODUCTION

Geomembranes used in mining applications are most
commonly either made from high-density polyethylene
(HDPE) or linear low-density polyethylene (LLDPE)
(Rowe et al. 2013). Typically, the geomembranes are 1.0
to 2.5 mm thick and are used, either as a single liner or as
a component of a composite liner system, to minimise
both advective and, for inorganic contaminants, diffusive
transport. With these geomembranes, the leakage (fluid
flow under a hydraulic gradient) is effectively limited to
flow through holes in the geomembrane that most
commonly arise either during construction (including
during placement of material over the gecomembrane) or
subsequently due to stress cracking (Rowe et al. 2004;
Rowe 2012). It is often assumed that a geomembrane
installed with good construction quality assurance (CQA)
will have 2.5-5 holes per hectare (Giroud and Bonaparte
1989a, 1989b, 2001). The number of holes may be
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substantially higher with poor CQA or if the geomem-
brane is in contact with an underliner (foundation)
containing gravel and/or is overlain by a coarse (gravel)
backfill (e.g., drainage layer) without adequate geomem-
brane protection (Rowe et al. 2013; Brachman et al. 2014).
On the other hand, with good CQA, a well-graded smooth
foundation and a suitable overlying protection layer,
short- and long-term damage to the geomembrane can
be kept to a very low level (Saathoft and Sehrbrock 1994;
Tognon et al. 2000; Gudina and Brachman 2006;
Brachman and Gudina 2008; Dickinson and Brachman
2008; Rowe et al. 2013; Brachman et al. 2014).

Leakage through a geomembrane will depend on: the
number and size of holes; the thickness and hydraulic
conductivity of the soils in contact with the geomem-
brane; the hydraulic gradient across the liner; the interface
transmissivity between the geomembrane and the adja-
cent soil; and wrinkles (waves) in the liner (Giroud 1997;
Rowe 1998, 2012; Rowe et al. 2004).
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Wrinkles are either caused by irregularities (e.g., due to
geometry such as corners or to poor placement) or
in-plane thermal expansion caused by the rise in geo-
membrane surface temperature after the geomembrane is
welded (Pelte er al. 1994; Take et al. 2012). Wrinkling
causes a loss of intimate contact between the geomem-
brane and underlying soil layer (Rowe 1998; Rowe et al.
2004). If these wrinkles are buried when fill is placed over
the geomembrane and then subjected to overburden
pressures, they will experience some reduction in height
and width, but a gap remains between the geomembrane
and the underlying soil (Stone 1984; Soong and Koerner
1998; Gudina and Brachman 2006; Brachman and
Gudina 2008; Take et al. 2012). Previous studies have
also shown that two or more wrinkles can intersect,
forming a network of interconnected wrinkles that
increases (i) the total effective length of a wrinkle; (ii) the
probability of a hole coinciding with a wrinkle in the
interconnected wrinkle network; and (iii) leakage through
the liner. For example, Chappel et al. (2012a) conducted a
field study to quantify the effective length of connected
wrinkles at different times of the day, and reported that on
the flat base portion of a municipal solid waste (MSW)
landfill the maximum connected length was 6600 m/ha at
13:45 on a hot day in June. For a wrinkle network of this
magnitude, Rowe’s (Rowe 1998) equation gives a flow of
over 1000 litres per day per hectare (Ipdh) when the hole
size is sufficient that it does not limit the flow and there is
an underlying geosynthetic clay liner (GCL) with hydrau-
lic conductivity, k=2 X 107'° m/s, thickness, 7=0.01 m,
interface transmissivity between the geomembrane and
GCL, 0=2x107"" m%s, and head difference, 7=0.3 m.

Prior to this present study, little was known about the
potential leakage through a hole in a geomembrane
wrinkle in a tailings storage facility, since knowledge
from the landfill configuration cannot be transferred to a
tailings configuration due to the substantial differences in
the nature of the underlying and overlying materials
(Figure 1) and, consequently, the stresses transferred to
the geomembrane wrinkle. Modern landfills commonly
have a 0.3 m thick gravel drainage layer above the
geomembrane liner (Figure 1a). With the leachate head
generally regulated at <0.3 m, the vertical effective stress
acting on top of the liner is generally very close to the total
stresses due to the overlying waste. At the ggomembrane
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wrinkle, due to the deformation of the relatively flexible
wrinkle under an applied stress, arching may be induced in
the interlocking gravel particles (Terzaghi et al. 1996)
thereby reducing the stresses transferred to the wrinkle
(especially horizontally). Whereas, in a tailings storage
facility, it is reasonable to assume that saturated tailings
with a low solids content and initially very low shear
stiffness apply isotropic or near isotropic stresses to the
wrinkle surface (Figure 1b). In addition to that, there is a
possibility that any gap present within the wrinkle may be
filled with free-flowing tailings if there is a hole coincident
with the wrinkle. However, it is presently not known how
the physical and hydraulic performance of geomembrane
wrinkles at the base of a tailings containment facility
would be influenced by the combined effect of (i) the
hydraulic properties of the overlying tailings; (ii) stress
distribution on the geomembrane wrinkle; and (iii) the
presence of free-flowing tailings adjacent to the
geomembrane.

The objective of this study is to provide the first insight
into the short-term physical response of geomembrane
wrinkles under simulated tailings containment facility
conditions. The influence on wrinkle deformation of the
type and thickness of the geomembrane, backfill, applied
total vertical stress and pore pressure are examined.
Additionally, the effect of tailings migration through a
10 mm diameter hole into the gap beneath the geomem-
brane wrinkle on wrinkle deformation and leakage
through the hole are also studied.

2. EXPERIMENTAL DETAILS

2.1. Apparatus and boundary conditions

The experiments performed in this study were conducted
in a rigid cylindrical steel test cell with an inside diameter
of 590 mm, height of 500 mm, 7 mm thick side walls and
50 mm thick top and bottom caps (Figure 2). A total
vertical pressure of up to 1000 kPa could be applied by
introducing fluid pressure on top of a rubber bladder
secured tightly between the lid and the body of the test
cell. Horizontal stresses corresponding to essentially zero
lateral strain conditions develop due to the rigidity of the
cell limiting outward deflection. Pore pressures were
applied by injecting water at a controlled pressure
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Figure 1. Stress distribution: (a) on the surface of a geomembrane wrinkle covered by a gravel drainage layer in a municipal solid waste
landfill configuration. The magnitude of the horizontal component of the stresses is smaller than the vertical component due to
interlocking of gravel particles and positive arching, (b) on the surface of a geomembrane wrinkle in a mine tailings containment
configuration. The vertical and horizontal components of the applied stresses are equal due to isotropic or near-isotropic conditions
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Figure 2. Cross-section of the test apparatus and test configurations

between two geocomposite drains (GCDs) placed on top
of the tailings. A GCD was also placed at the bottom of
the cell, above the steel bottom, to conduct water to the
drainage outlet and provide a known bottom boundary
pressure head. The cell wall provided a radial no-flow
boundary. Friction along the inner wall surface was
reduced by using two layers of 0.1 mm thick polyethylene
sheets, with a special lubricant between them allowing the
outer layer to slip with very little resistance as the soil in
the cell consolidates and compresses. Tognon et al. (1999)
showed that the boundary friction is reduced to less than
5° with this arrangement.

2.2. Materials and test procedure

The key index properties of the four geomembranes
examined in the study (I and 2 mm thick LLDPE and
HDPE) are given in Table 1. The stiffness index, «, defined
here as the ratio of yield strength to yield strain for each
geomembrane, was calculated (Table 1). The stiffness
index was then normalised with respect to the value for the
least stiff (i.e., the 1 mm thick LLDPE) geomembrane to
give a value, Q (Table 1) which is the relative tensile
stiffness of that geomembrane compared to the 1 mm
thick LLDPE used in this study. For example, Q = 3.4 and
3.9 for a 2 mm thick HDPE in machine and cross-
machine direction implies that the 2 mm thick HDPE is
3.4 times stiffer than the 1 mm thick LLDPE geomem-
brane in the machine direction and 3.9 times stiffer in the

cross-machine direction. A geomembrane with higher
Q value is expected to provide greater resistance to wrinkle
deformation if subjected to similar stresses by a given
surcharge. In addition to the values for the gegomembranes
examined in this study, the corresponding values for a
1.5 mm thick HDPE geomembrane used by the previous
researchers in a landfill configuration is also included for
comparison (Table 1), and is discussed later.

In all experiments, a 0.14 m thick silty-sand base
underliner (dso=0.19 mm, d;0=0.06 mm, C,=7.3,
C.=3.4) was compacted at a dry density of 1650 kg/m?
at 10.6% gravimetric water content. The silty-sand had
approximately 12% non-plastic fines (<75 um) with less
than 1% clay size (<2 um) and a hydraulic conductivity,
k, of 3.6x107° m/s at an effective stress p’' =500 kPa
(total stress p =600 kPa, pore pressure u=100 kPa).
Once placed, this underliner was saturated from the
bottom.

A geomembrane with a prescribed wrinkle was placed
on the saturated underliner (Figures 2 and 3). As placed,
the geomembrane wrinkle was 60 mm high and 200 mm
wide (Figure 4). These dimensions were selected to be
within the range reported based on field observations
for 1.5 and 2 mm thick HDPE geomembranes (Pelte
et al. 1994; Rowe et al. 2012; Chappel et al. 2012b).
A bentonite-based perimeter seal was applied on the top
and bottom of the geomembrane edges around the
circumference to limit any preferential flow (Figure 2).
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Figure 4. Cross-section showing the initial and final shape of the wrinkle with tailings partially filling the gap beneath the wrinkle (test
W1). The wrinkle was covered with 300 mm tailings slurry (with 65% solids) and left for 24 h
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Figure 5. Underside of the 1 mm thick LLDPE geomembrane:
(a) before test W2, with white paint on one side of the wrinkle crest
line and ink marks on the opposite side. A double-sided tape is
attached on one side to prevent the geomembrane from relaxing
after the applied stress is removed, (b) post-test photograph
showing the underside after the termination of test W2, (c¢) is an
enlarged view of the inset in Figure Sb showing the ink marks
transferred from one side of the wrinkle to the white paint on the
opposite side, confirming contact between the inner sides of the
wrinkle

The tailings had approximately 27% non-plastic fines
with less than 3% clay size fraction and a hydraulic
conductivity of 5.4x107" m/s at an effective stress
of 50 kPa (total stress p=150 kPa, pore pressure
u=100 kPa) and 4.2x107" m/s at effective stress of
500 kPa (p=600 kPa, u=100 kPa). The same tailings
were used in all tests.

Above the tailings, two layers of geocomposite drains,
a 30 mm thick leveling sand layer and a rubber bladder
was placed to complete the test setup (see Figure 2).
The geocomposite is where the pore pressure was applied
along the top surface of the tailings, while the rubber
bladder was used to apply the total vertical pressure. Once
all the materials were placed in the cell, vertical pressures
were applied in 50 kPa increments every 10 min to reach
250 kPa, which was then held constant for 100 h (with
the exception of tests W1 and W5, as discussed later). The
excess pore pressure generated in the tailings and under-
liner, due to the increase in total stress, was allowed to
dissipate from the drainage port on the side of the test
cell and flow collection ports at the bottom of the cell
respectively (Figure 2). After 100 h, the extent of wrinkle
deformation was quantified (Table 2) through a narrow
vertical observation trench excavated for this purpose
(Figure 6). After making the observations, the tailings
removed from the trench were re-packed into the trench at
25% moisture content and the tailings was re-consolidated
at 250 kPa for another 100 h prior to starting the
permeation phase of the experiment.

Tests W2, W4 and W5, were permeated at a combi-
nation of different applied pressures to simulate a tailings
storage facility at various stages of development. The first
combination approximates a thickness of tailings applying
a total stress of p =250 kPa on the lower 0.3 m of tailings,
where the tailings are submerged under sufficient water to
generate a pore pressure in the lower 0.3 m of tailings of
u =200 kPa, giving an effective stress p’=50 kPa in the
lower 0.3 m of tailings. Considering the stresses in the
same lower 0.3 m of tailings, the second stress combi-
nation had tailings applying p = 1000 kPa, water ponding
on the tailings yielding =500 kPa and p’ =500 kPa in
the lower 0.3 m of tailings (Figures 7a-7c).

Permeation tests were terminated after reaching
steady-state flow (e.g., Figure 7d). In all tests, a narrow
vertical observation trench at the centre of the cell was
excavated through the tailings to acquire the final
deformed shape of the geomembrane wrinkle using a
line laser profiler (Figure 6).

3. RESULTS

The base underliner, the tailings and hole size (if present)
were kept the same in all experiments so that the effect of
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Table 2. Initial and final wrinkle dimensions of geomembrane wrinkles subjected to different stresses

Test Geomembrane thickness and type Initial wrinkle Test conditions (kPa) Final wrinkle
dimensions (mm) dimensions (mm)
Height Width Total stress Pore pressure® Effective stress® Height Width
Wi 1 mm LLDPE 60 200 ~6 - ~6 40 100
w2 1 mm LLDPE 250 0 250 27 20
W3 1 mm HDPE 250 0 250 26 38
W4 2 mm HDPE 250 0 250 40 80
1000 500 500 38 70
W5 |2 mm LLDPE 1000 500 500 3sb 67°

#At the top of the tailings; the pore pressure below the hole is about 1-1.5 kPa and the effective stress in the tailings above the hole will be substantially

higher than at the top due to seepage forces.

The reported dimensions are for the central big wrinkle only (see Figure 11). Height measured from the top of the foundation.

Observation
french

Figure 6. Photograph showing the deformed geomembrane
wrinkle being profiled using a line laser through a vertical
observation trench. The 1 mm thick HDPE geomembrane wrinkle
was allowed to deform under 250 kPa overburden stress for

100 h (test W3)

geomembrane type and thickness, applied total stress,
applied pore pressure and time of hole placement could be
explored. These variables are discussed below.

3.1. Physical response of geomembrane wrinkles under
applied vertical stresses

3.1.1. I mm thick geomembranes

A 1 mm thick LLDPE geomembrane wrinkle with a
10 mm diameter hole on the side (Figure 3; test W1) was
covered with 300 mm thick tailings slurry at 65% solids
content (applying approximately 6 kPa of total vertical
stress) and left for 24 h without any externally applied
load. A cross-section of the initial and deformed shape of
the geomembrane (Figure 4) shows that the wrinkle height
and width were reduced to 67% (40 mm) and 50%
(100 mm) of their original values. The final wrinkle was
non-symmetrical, and skewed away from the side where
the hole was placed. The wrinkle possibly skewed because
the tailings that entered through the hole first resisted any
additional lateral stress (due to the increasing depth of

tailings) on the side with the hole, and allowed the other
side to cave in. It is not known whether the same would
happen for tailings with lower solids content, however it
can be anticipated that tailings with lower solids would
flow even more easily through the hole into the gap
beneath the wrinkle than the tailings slurry tested.

Experiments were conducted using a 1 mm thick
LLDPE (test W2) and HDPE (test W3) geomembrane
with a wrinkle (but without a hole) to investigate the effect
of larger applied stress on the geomembrane wrinkle,
initially without tailings intrusion into the wrinkle. In test
W2, the hole was added after the tailings slurry had been
consolidated at 250 kPa for 100 h to simulate field
conditions where a hole was formed after backfilling
and consolidation of tailings (discussed in detail later).
Test W3 was terminated after evaluating wrinkle defor-
mation. The final shape of the wrinkle when subjected to a
total vertical pressure of 250 kPa for 100 h for otherwise
the same test conditions as in test W1 are shown in
Figure 8. Post-test observation revealed that the inner
sides of the wrinkle were squeezed together to give a near
vertical projection. The geomembrane wrinkle defor-
mation resulted in a very high curvature on the crest and
toe of the wrinkle, where there were large strains that
could, in the long term, cause stress cracking (e.g.,
Abdelaal et al. 2013; Ewais et al. 2014). Inspection of
the underside of both geomembrane wrinkles provided
further evidence of contact, as the ink marks were found
to have transferred onto the side with the paint (Figures
5b and 5c¢). Figure 9 shows a photograph of the deformed
1 mm thick LLDPE wrinkle. The final remaining height
and width at the base of the 1 mm thick LLDPE wrinkle
were 45% (27 mm) and 10% (20 mm) of the initial
dimensions, and the height and width at the base of the
1 mm thick HDPE wrinkle were 43% (26 mm) and 19%
(38 mm). The larger remaining width in the 1 mm thick
HDPE geomembrane wrinkle may be due to its slightly
higher stiffness compared to the 1 mm thick LLDPE
geomembrane (Table 1).

3.1.2. 2 mm thick geomembranes
An experiment was conducted with a 2 mm thick HDPE
geomembrane wrinkle (test W4), initially without a hole,
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Figure 7. Plots of: (a) applied vertical stress, (b) applied pore pressure, (c) effective stress, and (d) measured flow versus time for test W4

subjected to same conditions as in test W3 with a 1 mm
thick HDPE geomembrane wrinkle and a total stress of
250 kPa sustained for 100 h. After 100 h, the height and
width of the wrinkle were reduced to 67% (40 mm) and
40% (80 mm) of the initial dimensions. The remaining
void beneath the 2 mm thick HDPE wrinkle was 1.5 to
2 times larger than that in the 1 mm thick HDPE
geomembrane (Figure 10). The larger remaining gap
beneath the wrinkle in the 2 mm thick geomembrane is
attributed to the thicker geomembrane having greater
stiffness, and hence greater resistance to bending along
the geomembrane crest line compared to the thinner
and less-stiff 1 mm thick geomembranes (Table 1). At a

higher applied pressure of p=1000 kPa, u =500 kPa
(p’' =500 kPa), the wrinkle was reduced to a height and
width of 64% (38 mm) and 35% (70 mm), but the gap
beneath the wrinkle remained (Figure 11).

Test W5 was conducted with a 2 mm thick LLDPE
geomembrane, where a 10 mm diameter hole was placed
on the top side of the wrinkle prior to tailings placement
so that the tailings slurry could enter the geomembrane
wrinkle even before any external stress was applied. As a
result, the deformed wrinkle took a different shape to that
observed in the 2 mm thick HDPE wrinkle where there
was no hole in the wrinkle prior to tailings placement
(Figure 11). In addition to the central large wrinkle,
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Figure 8. Cross-section through deformed 1 mm thick geomembranes (initially 200 mm wide and 60 mm high) after being subjected to
250 kPa for 100 h. (a) LLDPE wrinkle (test W2), (b) HDPE wrinkle (test W3)

Figure 9. Deformed wrinkle from test W2 after it had been
subjected to 250 kPa overburden stress for 100 h. Note that due to
the presence of double-sided tape on the inner wall of the
geomembrane wrinkle, the sides are still touching even after
removal of the stress

there were two other smaller wrinkles on each side of the
central wrinkle, introducing multiple locations with
higher curvature. These smaller wrinkles caused the
final width of the wrinkle to be wider than in the case
where no hole was present in the ggomembrane wrinkle
prior to backfilling. The unique shape of this wrinkle was
likely due to the wrinkle deformation occurring only after
the gap beneath the wrinkle was partially filled with
tailings slurry. The deformed wrinkle was symmetrical at
the crest-line, unlike that observed for a less stiff 1 mm
thick LLDPE geomembrane in test W1. The final width
of the central large wrinkle after being subjected to up to
p=1000 kPa and p'=500 kPa was similar to the 2 mm
thick HDPE wrinkle in test W4 for same applied stresses.
However, the height of the wrinkle was about 3 mm
smaller, likely due to the presence of smaller wrinkles that
formed on each side of the central large wrinkle.

3.2. Leakage through 10 mm diameter holes on the
geomembrane wrinkle

3.2.1. Hole at the base of the wrinkle after

tailings consolidation

Following a post-consolidation physical evaluation of the
wrinkle in the 1 mm thick LLDPE (test W2), a 10 mm
diameter hole was drilled at the base of the wrinkle that
had been squeezed together, with no gap remaining
beneath the wrinkle due to the previously applied pressure
(Figure 8a). Tailings that had been removed from the
vertical observation trench (at ~21% moisture content)
were mixed with water to about 25% moisture content
(wet but not free flowing) and packed back into the trench.
The permeation test was started after another 100 h of
consolidation. The steady-state flow through the hole at
p=250 kPa and u=200 kPa (p’'=50 kPa) was 2.3 Ipd.
When the applied stress and pore pressure were increased
to p=1000 kPa and u =500 kPa (p'= 500 kPa), the flow
increased 3.3 fold to 7.6 Ipd.

3.2.2. Hole formed on the top side of the wrinkle after
tailings consolidation

Initially, the 2 mm thick HDPE geomembrane wrinkle in
test W4 did not have any hole. After 100 h of sustained
vertical pressure of 250 kPa, the stress was removed and
an observation trench excavated to allow inspection of the
wrinkle (Figure 10). After the inspection, a 10 mm hole
was drilled at the top side of the wrinkle (Figure 12). The
observation trench was backfilled, and the backfill was
consolidated as described for test W2 before starting the
permeation phase of the test at p=250 kPa and
u=200 kPa (p'=50 kPa; Figure 7). A steady state flow
of 8.5 Ipd was measured in a permeation test that lasted
for 44 days. Although steady state flow conditions were
attained in 20 days, the test was allowed to run for twice
that time to confirm that a steady state had been reached
and that there was no time-dependent effect on flow.
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Figure 10. Cross-section through a deformed 2 mm thick HDPE geomembrane wrinkle (initially 200 mm wide and 60 mm high) after
being subjected to 250 kPa for 100 h. There is some missing data at the location of the hole because the laser signal was not reflected
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Figure 11. Cross-section through deformed 2 mm GMB wrinkles subjected to a total stress of 1000 kPa. In test W4, the hole was placed
after consolidation of tailings under 250 kPa for 100 h. In test W5, the hole was placed before tailings placement. The different shape of
the deformed wrinkle in test W5 is due to the gap beneath the wrinkle being partially filled with tailings prior to wrinkle deformation under

externally applied stresses
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Figure 12. Hole being placed on the top side of the exposed
wrinkle (test W4). The wrinkle was painted white to provide a
reflecting surface for laser scanning

The test was continued, but at a higher applied stress and
pore pressure (p=1000 kPa, u =500 kPa; p’= 500 kPa).
At first the flow increased, but eventually (26 days
after the stress was increased) the steady state flow
was at a lower rate of 2.5 Ipd (Table 3; Figure 7). This
flow, at p’ =500 kPa, is about a third of that when the hole
was at the base of the wrinkle.

3.2.3. Hole formed on the top side of the wrinkle prior to
backfilling with tailings slurry

The effect on the flow of having a hole on the
geomembrane wrinkle prior to tailings placement was

investigated by placing a 10 mm diameter hole on a 2 mm
thick LLDPE geomembrane wrinkle prior to backfilling
with tailings slurry (test W5). In this test, a total stress
of 250 kPa and a pore pressure of 200 kPa (an effective
stress of 50 kPa) were applied without a period of tailings
pre-consolidation prior to permeation that was permitted
in the tests discussed above. The leakage measured
at u=200 kPa (p'=50 kPa; p=250 kPa) was 8.4 Ipd,
and steady-state flow conditions were achieved within
10 days of permeation. At u =500 kPa (p'=500 kPa;

p=1000 kPa), flow decreased to 2.6 Ipd reaching steady

state flow conditions within 11 days of permeation
(Table 3).

3.3. Migration of tailings into the wrinkle gap

Migration of tailings into the void beneath the wrinkle
was observed to occur in two ways, (i) free flow into the
gap beneath the wrinkle through a hole and (ii) flow under
a hydraulic gradient (piping).

When the wrinkle (with hole) in a 1 mm thick LLDPE
was backfilled with a 300 mm thick layer of free-flowing
tailings at 65% solids content and left for 24 h, the gap
beneath the wrinkle was partially filled with tailings
(test W1). The tailings migrated in and spread out about
6.5 cm laterally into the wrinkle above the foundation
sand (Figure 4). The percentage of fines in the tailings
inside the wrinkle was the same as in the overlying
tailings (27%).

When there was no hole in the 1 mm thick LLDPE
wrinkle prior to tailings placement, there was no

Geosynthetics International

Downloaded by [ QUEENS UNIVERSITY LIBRARIES] on [15/08/16]. Copyright © ICE Publishing, all rights reserved.



10

Joshi, Rowe and Brachman

Table 3. Summary of permeation tests conducted at 22°C. Materials used in all tests are (a) Silty-sand underliner with ~ 12% fines
(passing US sieve #200), (b) Tailings with ~ 27% fines. Initial dimensions of geomembrane wrinkle: 200 mm wide and 60 mm high (see

Figure 4). Hole diameter is 10 mm

Test # | Geomembrane thickness Test conditions (kPa) Time of hole placement Measured flow (lpdb)
and type
Total stress | Pore pressure® | Effective stress®
Wi 1 mm LLDPE ~6 - ~6 Before tailings placement -
w2 1 mm LLDPE 250 200 50 After tailings consolidation 2.3
1000 500 500 7.6
W3 1 mm HDPE 250 - 250 No hole -
w4 2 mm HDPE 250 200 50 After tailings consolidation 8.5
1000 500 500 2.5
W5 2 mm LLDPE 250 200 50 Before tailings placement 8.4
1000 500 500 2.6

#At the top of the tailings; the pore pressure below the hole is about 1-1.5 kPa and the effective stress in the tailings above the hole will be substantially

higher than at the top due to seepage forces.
®pd = liters per day.

migration of tailings into the gap beneath the wrinkle
(test W2). The void beneath the wrinkle was in fact
partially filled with the silty-sand subgrade due to
foundation deformation under applied stresses (Figure 8a).

Test W4 examined the effect of the applied hydraulic
gradient on tailings migration into the gap beneath the
wrinkle in a 2 mm thick HDPE geomembrane. Although
the tailings backfill placed after placing a hole on the
wrinkle was 75% solids (i.e., not free flowing), post-
termination observation of test W4 revealed that the void
beneath the wrinkle was entirely filled with tailings
(Figure 13a). This implies that, in this case, the tailings
mostly migrated under the hydraulic gradient. The
tailings migrated laterally up to 15 cm on each side of
the centrally located hole. Due to the limited dimensions
of the test apparatus and length of tested wrinkle, the
extent of potential lateral spreading of tailings into a
wrinkle in the field could not be determined.

Similar observations were made in test W5, where the
tailings backfill was placed at 65% solids (free-flowing)
and there was a hole present in the wrinkle in the 2 mm
thick LLDPE geomembrane prior to backfilling. The
entire gap beneath the wrinkle was filled with tailings
(Figure 13b). It could not be verified if the entire gap was
filled with tailings slurry before any pore pressure was
applied, or if the gap was partly filled with tailings that
migrated under the hydraulic gradient. However, from the
final deformed shape of the wrinkle it appeared that
the wrinkle deformation happened in at least two stages
and that at the time the second deformation occurred, the
bottom half of the wrinkle may have already been filled
with tailings.

The percentage of fines in the tailings was evaluated
at different locations on a vertical plane perpendicular
to the geomembrane wrinkle at the centre of the test
cell (Figure 14a) for a test with a 2 mm thick HDPE
wrinkle (test W4) and one with a 2 mm thick LLDPE
wrinkle (test W5; Figure 14b). The percentage of fines
inside the wrinkle, close to the hole, was generally higher
than at other locations within the wrinkle or above the
wrinkle. A slight increase in the fines content of the

foundation immediately beneath the wrinkle void was
observed.

4. DISCUSSION

If there are no holes in the geomembrane, there will be no
significant leakage through the liner. Geomembrane
wrinkles are of concern because if there is a hole at the
wrinkle there is potential for considerable leakage of fluid
through the hole and along the wrinkle network. In a
landfill application and others with a highly permeable
material above the wrinkle, fluid can have unobstructed
access into the gap beneath the wrinkle through a hole.
If the pressure head, thicknesses and hydraulic conduc-
tivity of the underlying soils, interface transmissivity
between the geomembrane and underlying soil, length
and width of the wrinkle, and size of the hole in the
wrinkle are known, then the leakage can be calculated
(Rowe 1998). However, based on this study it appears that
the situation is very different with lower permeability and
higher compressibility tailings placed over a geomem-
brane wrinkle.

4.1. Wrinkle deformations

Without a hole, the 1 mm thick geomembrane wrinkles
subjected to 250 kPa total stress deformed to an extent
that both inner sides of the wrinkle were in contact with
each other, with a final remaining height and width at
the base of 45% and 10% respectively for 1 mm thick
LLDPE and 43% and 19% respectively for 1 mm thick
HDPE. Since 1 mm thick geomembranes are not used
in the bottom of modern landfills, it is not known
with certainty. Whether the same would occur in the
presence of a coarse gravel drainage layer. However, it
is considered unlikely based on observations for 1.5 mm
thick geomembranes in a landfill-based configuration
(i.e., with gravel backfill; Figure 1b). For example, for
a 1.5 mm thick HDPE geomembrane wrinkle with the
same test conditions (initial wrinkle size, =200 mm
and H =60 mm; applied vertical stress=250 kPa; test
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Figure 13. Photographs taken after removing the deformed geomembrane wrinkle followed by termination of the permeation test. (a) after
test W4 with a 2 mm HDPE geomembrane where the hole was placed after tailings consolidation (see Figure 12), (b) in test W5 with a
2 mm thick LLDPE geomembrane where the hole was placed before placement of tailings
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Figure 14. Post-test evaluated percentage fines (passing US sieve #200) from different locations on a vertical plane perpendicular to the
geomembrane wrinkle at the centre of the test cell in (a) test W4 with a 2 mm thick HDPE wrinkle, (b) test W5 with a 2 mm thick

LLDPE wrinkle

duration =100 h) but in a landfill-based configuration,
Brachman et al. (2011) reported a final remaining
wrinkle with a height and width of 66% and 45% respec-
tively. In this study, the remaining final height and
width of stiffer 2 mm thick HDPE geomembranes were
H=67% and W=40%, which is smaller than those
reported by Brachman er al. (2011) for a 1.5 mm thick
HDPE geomembrane.

Although the comparison is not straightforward for
wrinkles with two different geomembrane thicknesses
and buried beneath different backfills, it is considered
likely that a larger lateral stress is applied on the wrinkle
surface in a tailings configuration than in a landfill with a
gravel drainage layer. This would give rise to larger
wrinkle deformations in contact with tailings slurry for
a geomembrane with the same thickness and without a
hole. The larger wrinkle deformations and smaller
remaining wrinkle would be expected to reduce leakage
through a given hole in the wrinkle.

4.2. Leakage through a hole in the wrinkle

When a hole was positioned at the base of a wrinkle in a
I mm thick LLDPE, the leakage was 7.6 liters per day per
hole at p = 1000 kPa, u =500 kPa at 0.3 m above the liner
(p' =500 kPa; test W2). With 5 such holes per hectare,
the leakage could be 40 liters per hectare per day (Iphd)
under these conditions. However, this is a relatively small
amount of leakage, and considers a worst case where there
is no head loss in the tailings until 0.3 m above the liner.
The highest measured flow in this study (8.5 Ipd) was for a
2 mm thick geomembrane with a hole on the top side of
the wrinkle at p =250 kPa and u =200 kPa (p'= 50 kPa).
Assuming 5 such holes per hectare, the flow would be a
still relatively small 42.5 1pd. This is substantially smaller
than that calculated by Rowe (2012) for a pond lined only
with a 0.6 m thick compacted clay liner (CCL) or 0.01 m
thick geosynthetic clay liner (GCL) under an applied
head of 5 m. This comparison supports the use of a
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geomembrane as a liner in a tailings storage facility for
situations where leakage is to be reduced.

In the field, the leakage under stresses similar to those
applied in this study may be lower than reported in
Table 3. The leakage could be impeded by the combined
effect of (i) consolidation of tailings overlying the
geomembrane; (i) further deformation of the wrinkle;
(ii1) consolidation of tailings inside the wrinkle gap due to
wrinkle deformation and (iv) higher resistance to flow due
to the increased tailings thickness compared to the limited
thickness of tailings placed in this study.

4.3. Long term performance of the geomembrane

With such large wrinkle deformations and all remaining
gaps beneath the wrinkle filled with tailings, the effect of
having a wrinkle with a hole on leakage may in fact be
of lesser concern than having the same wrinkle with a
hole in a landfill type application. There may, however,
be a concern regarding long-term stress cracking at the
locations where high curvatures were introduced on
the wrinkle. Any strain induced cracking along these
locations will increase leakage. More research is needed
into this aspect.

5. CONCLUSIONS

Results from experiments involving wrinkles in four
different geomembranes (1 and 2 mm thick LLDPE and
HDPE) below a saturated tailings backfill were reported
for a range of stress conditions. For the specific conditions
and materials examined, it is concluded that

(1) Wrinkle deformations depended on the stiffness of
the geomembrane and applied stresses. The 1 mm
thick LLDPE and HDPE geomembrane wrinkles
deformed to an extent that the gap beneath the
wrinkle was eliminated, with both inner sides of the
wrinkle physically coming into contact at 250 kPa.
For 2 mm thick HDPE and LLDPE geomembrane
wrinkles, the initial gap beneath the wrinkle was
reduced in both height and width but remained up to
the maximum applied total stress of 1000 kPa.

(2) The shape of the deformed geomembrane wrinkle
was controlled by geomembrane stiffness and the
presence of a hole in the wrinkle prior to placement
of tailings slurry. Wrinkles in the 1 mm thick
geomembrane without any hole deformed to a much
narrower wrinkle, giving a near vertical projection
with high curvatures at the wrinkle crest and base.
A 2 mm thick geomembrane wrinkle without any
hole reduced in both height and width to form a
single smaller wrinkle. For wrinkles with a hole
present prior to tailings placement, the final wrinkle
shape was dependent on the extent to which the gap
beneath the wrinkle was filled with tailings. The
1 mm thick geomembrane wrinkle experienced
non-symmetrical deformation, with the wrinkle crest
shifting towards the side without a hole. The stiffer
2 mm thick LLDPE geomembrane wrinkle was

Joshi, Rowe and Brachman

partially filled with tailings, and the wrinkle surface
contained multiple locations with high curvature.

(3) The 2 mm thick HDPE geomembrane wrinkle below
saturated tailings experienced a larger lateral
deformation than that reported for a less stiff 1.5 mm
thick HDPE geomembrane wrinkle below a gravel
backfill under the same applied total stress.

(4) Leakage through a hole placed at the bottom of the
wrinkle increased with an increase in total stress and
pore pressure, whereas for cases with a hole placed on
top side of the wrinkle, leakage decreased with an
increase in total stress and pore pressure. Leakage for
the case with a hole at the bottom of the wrinkle
increased from 2.3 liters per day (Ipd) to 7.6 Ipd with
an increase in total stress and pore pressure from
total stress p =250 kPa, pore pressure u =200 kPa
to p=1000 kPa, u =500 kPa. Leakage through a
hole placed on top side of the wrinkle—irrespective
of the time of hole formation—decreased from 8.5 Ipd
to 2.5 Ipd with an increase in total stress and pore
pressure from p =250 kPa, u =200 kPa to
p=1000 kPa, #=500 kPa.

The leakage inferred from these cases would appear to be
quite small for a reasonable number of holes with a
wrinkle, although more research is needed to quantify
additional cases.
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NOTATION

Basic SI units are given in parentheses.

C. coefficient of curvature (dimensionless)
C, coefficient of uniformity (dimensionless)
dyp particle diameter at which 10% of the sample mass
is less than (m)
dsy  particle diameter at which 50% of the sample mass
is less than (m)
H height of a wrinkle (m)
h  head (m)
k  hydraulic conductivity/permeability (m/s)
p total applied vertical stress (Pa)
p' effective stress generated due to the difference
between applied vertical stress and pore
pressure (Pa)
u applied pore pressure (Pa)
W width of a wrinkle (m)
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6 geomembrane-clay liner interface transmissivity
(m?/s)

x stiffness index (N/m)

Q relative tensile stiffness (dimensionless)

ABBREVIATIONS

CCL compacted clay liner

CQA construction quality assurance

GCD geocomposite drain

GCL geosynthetic clay liner

GMB geomembrane

HDPE high-density polyethylene

LLDPE linear low-density polyethylene

Ipd liters per day

Ipdh liters per day per hectare
MSW  municipal solid waste
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